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Exposure to the space environment results in distinc-
tive modifications tahe chemical and physical characteris-
tics of rock surfaces othe moon. These surfacenodifica-
tions on lunarocksresult in theformation ofpatina. Un-
derstanding the nature of patinas is important in the inter-
pretation of remotely-sensed reflectadegafrom the moon
and other airless bodies because of the poteiotiglatinas
to mask thaunderlying mineralogy. Our previous work on
76015 hasshownthat the presence of patina lowers the
albedo relative to the substrate, impartslightly redder
slope overthe visible wavelengths, and attenuates the sili-
cate absorption feature at fiin [1]. In this study, we col-
lected reflectance spectfiiom randomspots on the patina
surface in order to understand the spdtitierogeneity in
the properties of the patiridongwith detailed analyses of
the patina microstructure using electmitroscopy to iden-
tify the materials responsible for the optical effects.

A 3 X 6-mm-sized fragment gfatinafrom a surface of
Apollo 17 breccia76015,186 was analyzed using light mi-
croscopy, microspectrophotometry, scannahgctron mico-
scopy,and transmission electranicroscopy(TEM). Visi-
ble reflectance spectra wereollected using a Zeiss
MPM400 microscope photometer. Spectrere obtained
from regions~0.1 mm in diameterpver the wavelength
range of 380-850 nm in 5 nm increments using darkfield
techniques (illumination at an angle of°4f&lative to the

ures 1 and 2. The brightest substrate spectr&arepla-
gioclase-rich regionsthe intermediate spectra (~20-50%
reflectance) areplagioclase-pyroxenemixtures, and the
darkest spectra include a contributivom Fe-Ti oxides in
addition to the silicates (Fig. 1)Many of the substrate
spectra showhe onset of the silicate absorption feature at 1
pm. The spectrdrom the patina surfacehow a wide range

in reflectance fron~5-55% at 550 nm, bumost of the
spectra have reflectivitiethat aretypically <20%. The
patina spectra are, oaverage, darker than the substrate
spectra, exhibit flat to reddened slopes, and lack the pro-
nounced absorption features observethi substrate spec-
tra.

A probable cause of reddening darkening in the reflec-
tance spectrérom the patina is the presence safbmicro-
scopic Femetal (SMFe) grains. Recent wohlas demon-
strated thawery fine SMFe (<10 nm) can generate a red-
dened slope and lower the albedo of materials, while coarser
SMFe results in darkening without adding a red slope to the
spectra [4]. Petrographic analyses uding TEM confirm
that at least threeomponents irthe 76015 patin&ontain
appreciable SMFe and are tieajor contributers to the
optical properties of the patina: ¥dpor deposits, 2iccre-
tionary melt/splash glass, and 3) &itu monomineralic
melts. The outermost surface of the patinadsered by a
partly amorphous coating50 nm thick of silica-rich glass

sample). Additonal details of the reflectance measurementswith numerous inclusions of fine-grained (1 to 5 nm dia.) Fe

are given by [2]. Fothe TEM measurementsybfragments
of the 76015 sample were embeddedepoxy, and thin
sections (~50-70 nm thick) were cut with an ultramicrotome

metal grains. QuantitativEDX analyses ofhe rim mate-
rial aregiven in Table 1. In regionthe Fe grain®ccur in
distinct layers within theamorphous coatingi.e. the Fe-

with the sample oriented so that cross sections of the patina-grains are stratified). Thiamorphous coating is relatively
substrate interface were obtained. The thin sections wereuniform in compositiorand thicknes®ver a distance of a

analyzed using a JEO2010 TEM equipped with &loran
thin-window energy-dispersive x-ray (EDX) spectrometer.
EDX data were quantified using the Cliff-Lorimer technique
with experimentak-factors obtainedrom NIST-2063thin
film standard.

few micrometers, and coats plagioclaskenenite, melt
glass, and chromite. The amorphatating represents
material that was deposited on to geface either by con-
densation of impact-derived vapors ordputter deposition.
Melt glass alsccontains abundant SMFe, but with larger
grain sizes (up to 20-40 nm dia.). Typical melt glasses

Numerous zap pits with glass-linings and spall zones are have compositions that resemble the bulk composition of the

visible by light microscopy covering much dhe chip of
76015. Between theap pits, thesurface is brownish in
color and distinctly darker than thanderlying material

rock and nearby soils (Tab®). Finally, we have observed
regions of partial melting of iimenite and chromite.

(mostly plagioclase and orthopyroxene). SEM images of the References [1] Keller, L. P.et al, 1996,LPSC 27, 661.

patina surfaceshow mostly accretionarfeatures such as

[2] Bradley, J. Pet al, 1996, MPS 31, 3943] Wentworth,

glass splashes, attached mineral grains, and glass sphereS§. J.et al, 1996,LPSC 27, 1423,[4] Allen, C. C.et al,

along with erosional features like fractures and abundant

1996,LPSC27, 15.

microcraters [3]. The surface shows considerable roughness

at the ~10 pm scaleReflectance spectra tie patina were
obtained from multiple regions ~0.1 mm in diameter using a
microscope photometerMultiple reflectance spectriiom
randomlyselected regions of the patina surface fioth a
fresh fracture surface of the substrate collected in Fig-
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Figure 1. Visible reflectance spectra from the fresh sub-
strate surface of 76015. The observed upper and lower
extremes along with intermediate spectra are plotted.
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Figure 2. Visible reflectance spectra from patina on
76015. As with the substrate data, the upper and lower
range in spectra are plotted as well as intermediate spec-
tra.
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TABLE 1. Quantitative TEM-EDX analyses (at.%) of the amorphous rim

material on uppermost surface of the patina on fragments of 76015.

# O Mg Al Si Ca Ti Cr Fe Substrate
26 | 56.0 526 | 10.60 | 19.3 5.05 0.21 0.0 3.58 glass
32 | 50.2 4.43 4.44 28.0 2.35 0.54 1.0 9.04 chromite

5 59.7 2.55 6.58 24.9 214 0.15 0.0 3.98 | plagioclase

8 59.4 6.23 8.64 184 2.32 0.19 0.0 4.82 | plagioclase
13 61.2 2.90 5.56 229 1.95 0.44 0.0 5.05 plagioclase
16 | 619 124 | 1264 | 19.2 4.21 0.00 0.0 0.81 | plagioclase
18 | 60.9 1.78 6.16 26.9 1.83 0.29 0.0 2.14 | plagioclase
20 | 61.3 2.35 2.98 28.8 0.85 0.35 0.0 3.37 iimenite
116 | 61.6 1.96 3.59 19.7 1.48 1.63 0.0 10.06 glass
24 | 57.0 3.65 9.15 22.7 3.12 0.24 0.0 4.14 | plagioclase

TABLE 2. Quantitative TEM-EDX analyses (at.%) of melt glass

within the patina on fragments of 76015.

# O Mg Al Si Ca Ti Cr Fe
103 | 61.2 3.7 1145 | 16.2 5.8 0.4 0 1.25
104 | 60.3 7.68 7.35 16.0 4.28 0.83 0 3.56
106 | 60.1 5.21 4.9 16.5 4.74 1.32 0 7.25
108 | 60.4 6.28 6.9 17.0 4.61 0.42 0 4.39




